In humans, type I interferons are encoded by ~16 α genes and individual genes encoding β, κ, ω and ε. Their gene products are highly structurally related and all bind to a single receptor (IFNAR) consisting of heterodimeric R1 and R2 subunits. 7 In contrast, IFN-λ consists of 3 genes, IFN-λ1, 2 and 3 (formally, IL-29, IL-28a and IL-28b) that are more related to the IL-10 family than to interferon. 8, 9 IFN-λ binds a receptor (IFNLR) composed of a unique IFNLR1 and a shared IL-10R2 subunit. Both the IFNAR and IFNLR recruit and activate STATs 1, 2 and 3. While STATs 1 and 3 are promiscuously activated by a variety of other cytokines and growth factor receptors, STAT2 is selectively recruited to the IFNAR and IFNLR. STAT2 recruitment and activation by both receptors involves tyrosine phosphorylation of STAT2 by JAK kinases and subsequent oligomerization with STAT1 and IRF-9. 10, 11 Although a fraction of STAT1:STAT2 heterodimers can translocate to the nucleus and bind atypical gamma activated sequence (GAS)-like elements, 12 the canonical interferon-stimulated gene factor-3 (ISGF3) complex of STAT2:STAT1:IRF-9 regulates a large fraction of the interferon pathway genes. 13 Thus, STAT2 is central to the induction of these genes in response to both IFN-α/β and IFN-λ. In some cases, type II interferon, IFN-γ, can mobilize the antiviral response in a STAT2-dependent manner. 14 Although there is no evidence for direct recruitment of STAT2 to the IFN-γR, IFN-γ signaling can drive the formation of an ISGF3-like complex containing STAT2, 14 inhibit viral replication 15 and induce expression of IFN-α/β target genes, 15, 16 perhaps through the pairing of phosphorylated STAT1 with latent STAT2. Regardless of its mode and route of activation, STAT2 acts as the gatekeeper to the antiviral response, which that affect IFN-γ responsiveness, while debilitating, can be tolerated; yet, mutations that cripple IFN-α/β or IFN-λ responsiveness such as STAT2 are perhaps lethal.
STAT2 in Inflammation
A cascade of cytokines regulate processes of inflammation that drive both local and systemic activation of immune cells, and this process can be initiated by both pathogen sensing as well as sterile tissue injury. When discussing the role of STATs in inflammation, it is perhaps more accurate to discuss their function in the context of distinct cytokine receptors, as most of the STAT family members can be activated by multiple cytokines. For example, STAT3 can be activated by both IL-6 and IL-10, yet their biological activities are diametrically opposed and counterregulatory with IL-6 contributing to inflammation and IL-10 blocking inflammation. 35, 36 While IFN-α/β can induce local inflammation under certain circumstances, it does not mediate the intense forms of inflammation seen with TNF-α or IL-1β.
Initially, IFN-α/β was thought to act similarly to IL-12 in driving Th1 development through the recruitment and activation of STAT4, thereby driving Th1-mediated inflammation. 37 Indeed, STAT2 was shown to be involved in recruiting STAT4 to the human IFNAR. 38 However, our recent findings demonstrated that although STAT4 is transiently activated by the human IFNAR, it is not sufficient to promote Th1 development. 39 Further, distinct IFN-α subtypes can drive STAT4 activation to the murine IFNAR, 40 which can occur in mouse cells 41 even in the absence of STAT2, 42 yet still does not promote either Th1 or Tc1 development compared with the effects of IL-12. 39, 40, [43] [44] [45] [46] [47] Nonetheless, IFN-α/β may regulate some aspects of inflammation that play a more supportive rather than direct role. For example, IFN-α/β (as well as IFN-γ) is a potent regulator of the chemokine CXCL10 (IP-10), which recruits activated effector T and NK cells to sites of infection. Thus, direct pathogen sensing by epithelial and endothelial cells can lead to recruitment of inflammatory cells via autocrine responses to IFN-α/β. IFN-α/β also activates NK cells directly by driving lytic activity and IFN-γ secretion. Further, recent studies by Tracey and colleagues demonstrated that the IFN-α/β-induced kinase, PKR, regulates an alternative pathway for inflammasome activation. 48 As a result, the induction of PKR by IFN-α/β can lead to potent secretion of HMGB1 and other leaderless cytokines that are dependent upon inflammasome-mediated cleavage. Although IFN-α/β regulates these processes, a formal test for the direct role STAT2 in driving these responses has not been performed in STAT2 knockout mice. However, a recent study by Gamero and colleagues demonstrated reduced skin and colonic chemokine and cytokine expression in STAT2 knockout mice in two models of chemically induced carcinogenesis. 49 These results suggest that STAT2 may directly contribute to carcinogenesis by promoting expression of proinflammatory cytokines and chemokines. In summary, STAT2 participates in some aspects of inflammation by autocrine responses to IFN-α/β and downstream induction of inflammatory chemokines and cytokines.
is underscored by the severe susceptibility of STAT2 knockout mice to viruses ranging from influenza to dengue. [17] [18] [19] Type I and III interferon, while produced in different amounts by distinct cell populations, regulate the expression of an overlapping set of interferon stimulated genes (ISGs). Some examples include 2-5'-oligoadenylate synthase (OAS), which decorates viral RNAs with branched polyadenosine, and RNA endonuclease L, which promptly degrades RNAs containing these polyadenosine modifications. 20 Most ISGs, however, have not been well characterized, and some of these genes are so enigmatic that they do not contain any canonical secondary structures that could aid in predicting their function. Over 300 ISGs have been identified by microarray and genomic analysis, 6, 21 which is curious given the magnitude of antiviral activity exhibited by select individual ISGs. For example, MxA potently inhibits the replication of a wide range of viruses and can do so in the absence of other ISGs or interferon signaling if ectopically expressed. 22 Not all ISGs exhibit such robust effects individually; nonetheless, when combined with other ISGs, the host can mount an impressive arsenal of antiviral proteins that could conceptually block every step in the viral life cycle. 23 However, like OAS and MxA, most ISG expression requires interferon signaling through STAT2. Thus, while there are three major nodes to drive interferon secretion (TLRs, RIG-I and NLRs) and two pathways available to drive STAT2 activation (IFN-α/β and IFN-λ), there is only one STAT2.
In addition to its role in interferon mediated antiviral effect, STAT2 also confers anti-proliferative and apoptotic activities on a variety of cell types in response to both type I and III interferon. 24 This activity is perhaps one of the most fundamental actions of interferon to inhibit viral spread by blocking the replication of virally infected cells. However, much attention has been focused on the use of IFN-α/β to inhibit cancer outgrowth and metastasis given its unique ability to inhibit proliferation of a variety of tumor cell types. [25] [26] [27] STAT2 is a critical signaling intermediate that regulates much of the apoptotic and antiproliferative effects of IFN-α/β and IFN-λ. Further, mutations within STAT2 that protract its ligand-mediated phosphorylation can drive cells down the apoptotic pathway. 4, 28 A variety of genetic mutations have been identified in humans that affect IFN-α/β and IFN-λ production, including mutations in NEMO, TYK2 and TLR3. [29] [30] [31] Further, functional defects in the human UNC93B1 gene, which controls signaling via TLR3, 7, 8 and 9, results in dramatic reductions in IFN-α/β and IFN-λ secretion in response to ligands that activate these receptors. 32 However, these subjects are susceptible to only a few types of viral infections, mainly encephalitis caused by herpes simplex virus. This restriction in viral susceptibility may reflect the inherent redundancy in driving IFN-α/β and IFN-λ production through alternative pathways such as RIG-I and NLRs. In contrast, to date, no mutations have been found that block responsiveness to type I or III interferons in humans, particularly within either the IFN-α/β receptors or STAT2. Yet, defects in a variety of genes that affect both IFN-γ production and responsiveness have been characterized including IFNGR1, IFNGR2, STAT1 and IL-12RB1. 33, 34 Thus, it is interesting to speculate that mutations V protein from measles, Nipah and Hendra viruses can bind to STAT2 and prevent the interferon response via sequestration of STAT2 in the cytoplasm. 53 However, the modes of interaction of the V protein from measles mediate this interference by distinct mechanisms from that of Henipahviruses. While the V proteins of these viruses contain a conserved C-terminal domain (CTD), only the measles virus requires the CTD for binding and targeting STAT2 as means of interference with interferon signaling. 54, 55 In contrast, the Nipah virus V protein can also bind STAT2 in a STAT1 dependent manner through distinct regions of the V protein mapping outside the boundary of the CTD. 57 These complexes are unable to translocate to the nucleus, thus sequestering STAT2 to the cytoplasm and inhibiting efficient interferon signaling. [57] [58] [59] The Hendravirus V protein also operates in a similar manner to Nipah virus, although the distinct interaction with STATs have not been mapped. 59 In addition, the Nipah virus V protein has been shown to contain a nuclear export signal (NES) that enables the V protein to shuttle between the cytoplasm and nucleus. Nonetheless, binding of STAT1:STAT2 complexes by Nipah V protein is sufficient to prevent IFN-α/β signaling even in the absence of the NES. 58 Therefore viruses belonging to the same family have evolved to target STAT2 using diverse mechanisms in order to evade interferon response in the host.
Respiratory syncytial virus (RSV) is a member of the paramyxovirus family and causes severe flu and cold like symptoms in humans, particularly in children. RSV antagonizes the
Viruses Target STAT2
Given the critical nature of the interferon pathway in viral defense, it is not surprising that viruses have evolved to antagonize the antiviral state induced by type I and type III interferons. The different antagonistic mechanisms include inhibition of interferon production, interferon signaling and inhibition of interferon induced antiviral proteins. STAT2 in particular is a target of many viral proteins, which in some cases determines viral host range. Here we discuss the viruses that have particularly acquired the ability to subvert the interferon signaling pathway by targeting STAT2 (summarized in Table 1) .
Viruses from a broad array of genera have developed unique ways to subvert the interferon response, and such examples include herpes simplex virus 2 (HSV-2), 50 mouse cytomegalovirus (MCMV) 51 and lymphocytic choreomeningitis virus (LCMV). 52 However, the paramyxoviridae family of viruses contains perhaps the most replete examples of how viruses have subverted the interferon response pathway by targeting STAT2. 53, 54 The Henipavirus (Nipah and Hendra virus) are newly emerging zoonotic pathogens causing acute respiratory disease in both human and other animal populations. Nipah virus, Hendra virus and measles virus all belong to the paramyxoviridae family. Each of these viruses along with other members of the paramyxoviridae family express a V protein, which is encoded by a polycistronic gene segment (P gene) that utilizes unique overlapping reading frames. 55, 56 The NS5 was found to specifically antagonize IFN-α, but not IFN-γ signaling by binding to and inhibiting STAT2 phosphorylation. 72 Recently, Schoggins et al. have demonstrated that overexpression of STAT2 in STAT1-deficient fibroblast can limit DENV replication without any significant ISG expression. 73 This suggests that overexpression of STAT2 can stoichiometrically overcome viral NS5 activity. Collectively these studies demonstrate that DENV is able to establish infection in human due to its ability to surmount human antiviral response via STAT2 degradation and blocking phosphorylation that may be circumvented in humans through augmented STAT2 expression. However, murine STAT2 has evolved to disengage this mechanism of STAT2 antagonism by DENV and thus restricting DENV host range to humans.
STAT2 Evolution
Given the central role of STAT2 in the induction of ISGs, it is perhaps surprising that only a restricted subset of viruses have adapted their mechanism of innate subversion to target STAT2. For some viruses, STAT2 determines the host range across species, and this is particularly evident with dengue virus, discussed above. However, closer examination of the STAT2 gene and protein product reveals some important insights into how viruses shape the evolution of their hosts. In this section, we will explore how STAT2 has emerged as a highly divergent member of the STAT family while retaining its ability to exclusively regulate the interferon response in each species. The STAT family can be traced as far back to rudimentary STAT-like genes that exist in slime molds (D. discoideum), 74 thus suggesting that the current members that exist in mammals (STATs 1, 2, 3, 4 5A, 5B and 6) arose from a common ancestral gene through duplication. 75 In mammals, the seven STAT family members are located as clusters in 3 genomic locations: in humans, STATs 1 and 4 on Chr. 2, STATs 3, 5A and 5B on Chr. 17 and STATs 2 and 6 on Chr. 12. Considering their syntenic arrangement across species, how conserved are the various STAT members in mammals? Within the Ensemble database, there are seven species, including human, for which the full-length sequences are available for six of the seven STAT family members. An alignment of these sequences reveals remarkable similarity (> 95% for most pair-wise comparisons) for each of the STAT genes except STAT2 (Fig. 1) . STAT3 is the most highly conserved member, retaining > 98% sequence similarity comparing human with both mouse and rat. However, human STAT2, while being relatively well conserved with macaque and chimpanzee, diverges significantly when paired with mouse, rat, horse and elephant. A phylogenetic analysis further reveals the degree to which STAT2 has diverged even within the non-human primate species when compared with the human counterpart (Fig. 2) . Moreover, STAT2's dimerization partner STAT1 displays roughly 5-fold greater sequence similarity than STAT2 within primates (based on sequence identity within the phylogenetic analysis in Fig. 2) , making STAT2 the most divergent member of the STAT family.
Within each STAT family member, the SH2 domain is the most highly conserved segment of the gene across species, and STAT2 is no exception to this (Fig. 3) . However, just beyond the interferon-signaling pathway through two virally encoded nonstructural proteins, NS1 and NS2. [60] [61] [62] Together, NS1/2 form a complex with STAT2 and drive ubiquitin-mediated proteasomal degradation. Binding of STAT2 with this complex requires the C-terminus of NS2, 61 while NS1 acts as an E3 ligase that targets STAT2 for degradation. 63 In a similar manner to RSV, the rodent pathogen Sendai virus (SeV) encodes a C protein that antagonizes IFN-α/β signaling at all phases of the infection process by interacting with STAT1 and blocking activation of STAT2. 64 Finally, the human parainfluenza virus 2 (HPIV2) is an RNA virus of the paramyxoviridae family that causes upper and lower respiratory infections. In human, HPIV2 blocks type I interferon signaling by selectively inducing degradation of STAT2 but not STAT1. 65, 66 The degradation of STAT2 is independent of IFNα/β signaling, and like other members of this family of viruses, the V protein mediates the degradation of STAT2. Post-translational degradation of STAT2 protein by HPIV2 V protein was blocked by proteasome inhibitors indicating a role for proteasomal degradation. 65 In contrast, the V protein of parainfluenza virus 5 [PIV5, previously known as simian virus V (SV5)], another member of the same family of viruses, preferentially induces STAT1 degradation in a STAT2-dependent manner in human. The C-terminal domain of this V protein is highly conserved across the members of rubulavirus genus of the paramyxoviridae family that includes both HPIV2 and PIV5. Although PIV5 can target human STAT1 via STAT2, mouse STAT2 does not interact with the PIV5 V protein. 67 Thus, mouse STAT2 restricts PIV5 V protein interaction leaving the interferon response pathway intact. As such, PIV5 is unable to efficiently replicate in mice due to an intact interferon response. Transgenic mice expressing human STAT2 restores the ability of PIV5 V protein to mediated degradation of STAT1. 41 Likewise, expression of human STAT2 in mouse embryonic fibroblasts permits antagonism of endogenous murine IFN-α/β signaling by both PIV5 and HPIV2 V proteins. 67 Thus, the requirement for STAT2 interaction for antagonism of interferon response limits the host range of PIV5.
Dengue virus (DENV) is another example of how host-pathogen co-evolution has become a host range-determining factor. Dengue virus is a mosquito-borne RNA virus that causes dengue fever, dengue hemorrhagic fever and dengue shock syndrome in humans. DENV belongs to the genus flavivirus and has been shown to replicate efficiently in a variety of human immune cells including monocytes, macrophages, B cells and dendritic cells (reviewed in ref. 68) . Initial studies with DENV replicons expressing all of the non-structural proteins demonstrated reduced IFN-α stimulated genes concomitant with a reduction in endogenous STAT2 protein levels. 69 In later studies, DENV NS5 was found to directly bind to and promote ubiquitin-mediated degradation of human, but not mouse STAT2. 70, 71 Mouse STAT2 expression in human cell lines restored the IFN-dependent block in virus production. NS5 interaction with human STAT2 was mapped to the coiled-coil domain of human STAT2 containing a species-specific sequence between residues 181-301. As NS5 failed to bind mouse STAT2, replacement of this region of mouse sequence with the human counterpart restored NS5 binding to the chimerized mouse molecule. 71 In parallel studies, DENV SH2 domain, the C-terminal transactivation domain of STAT2 diverges so significantly that only small segments of conservation are retained at the distal end of the protein. Most striking is the disruption of the structure and insertion of a "mini-satellite" segment within the C-terminus of mouse STAT2 that contains a repetitive element PAPQVLLE. This element has no significant similarity to any other protein in the database, and mouse is the only species that harbors this sequence.
The divergence in STAT2 was first appreciated when mouse STAT2 was cloned and sequenced over 12 years ago. 76 At that time, it was known that STAT2 interacted with other transcription factors to regulate expression of various ISGs, and one of those factors was CBP. 77 Park et al. demonstrated that while the C-terminus of mouse was significantly different than human, CBP could still interact with the C-terminus of both mouse and human STAT2 and functionally cooperate to regulate transcription. 76 In addition, STAT2 was also found to be required for recruitment of STAT4 to the human, but not mouse IFNAR. 38 Further, the human STAT2 C-terminus was found to be required for this recruitment in human cells, and the significant divergence in this region partially explained the difference in signaling between the two species. 78 However, the interaction was perhaps indirect 79 as replacement of the mouse C-terminus with the human counterpart via knock-in failed to restore significant IFN-α/β-dependent STAT4 activation in mouse T cells. 80 Nonetheless, these animals still responded normally to IFN-α/β by activating ISGF3 and by driving the expression of ISGs. 47 These types of domain-swapping experiments reveal some very interesting aspects of STAT2 biology. Despite drastic differences within the C-terminus, this domain still maintains a physical interaction with CBP and perhaps many other transcription factors whose evolution has remained relatively constant compared with STAT2. Indeed, the C-terminus of STAT2 is relatively unstructured compared with other domains within the protein. 81 However, when bound to the transcriptional activator zinc binding (TAZ) domain of CBP, the human STAT2 C-terminus undergoes dynamic folding to create a stable tertiary structure, thereby stabilizing its bound conformation to the TAZ domain. Unfortunately, the structure of the C-terminus from other species such as mouse with the CBP TAZ domain has not been solved. Nonetheless, STAT2 displays remarkable plasticity in both its proximal receptor activation and downstream gene transactivation capabilities regardless of the remarkable structural differences that exist, particularly within the C-terminus. Thus, even though STAT2 has diverged at a much greater rate than other STAT family members, the interactions that STAT2 must maintain to mediate its function are still preserved and presumably contain enough inherent flexibility to accommodate large changes in STAT2's structure.
Considering the central role that STAT2 plays in regulating the intracellular anti-viral response, it represents an important target for viral interference. While speculative, it is likely that lethal pandemic viruses drive STAT2 evolution, in some cases, by targeting STAT2 directly. Perhaps the unique haplotypes that have been identified in STAT2 among East Asians and shared with Neanderthal point to recent selection events in human Figure 3 . The STAT2 c-terminus is highly divergent across species. The sequences of STAT2 from the indicated species were aligned beginning with residue 651 of human STAT2. The SH2 and c-terminus of STAT2 is indicated along with the conserved tyrosine residue (Y690), which is phosphorylated in responses to iFN-α/β signaling.
